Between the different families of pnictide multiband superconductors, LiFeAs is probably one of the less understood. Indeed, despite the large amount of experiments performed in the last few years on this material, no consensus has been reached yet on the possible pairing mechanism at play in this system. Here we focus on the precursor effects of superconductivity visible in the transport experiments performed above Tc. By analyzing the superconducting fluctuations in a layered multiband model appropriate for this material, we argue that the strong two-dimensional character of the paraconductivity above Tc points towards a significant modulation of the pairing interactions along the z direction. We also discuss the peculiar differences between single-band and multi-band superconductors for what concerns the anisotropy of the superconducting-fluctuations effects above and below Tc.
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I. INTRODUCTION
After the original discovery of superconductivity in LaOFeAs 1 the investigation of iron-based superconductors has lead to the discovery of several classes of compounds that all display a high-temperature superconductivity, despite the fact that the different lattice structures can lead to significant differences in the electronic properties 2,3 . Such differences justify the on-going debate on the existence of an universal pairing mechanism in all iron-based superconductors. One of the crucial questions concerns the role of antiferromagnetic spin fluctuations. Indeed, while they represent a plausible candidate for the pairing glue in those systems, as 122 compounds, with good nesting conditions between the hole and electron Fermi pockets 3-5 , their relevance in other systems with poor nesting properties is often questioned [6] [7] [8] [9] . A typical example of such a system is LiFeAs. This compound is a stochiometric superconductor with a T c ∼ 17 K 10 and no magnetic ordering. Due to its stochiometric nature and its clean, charge neutral cleaved surface LiFeAs is the best candidate to perform both bulk-and surface-sensitive measurements. However, the large amount of experimental findings accumulated so far did not succede yet to clarify the nature of the pairing mechanism, but offered instead a puzzling and somehow contradictory scenario. The Fermi surface (FS) of LiFeAs observed by angle-resolved photoemission spectroscopy (ARPES) consists of two hole pockets at Γ and two electron pockets at M [11] [12] [13] , as in all pnictides families. However, there are some remarkable quantitative differences, which are only partly accounted for by LDA+DMFT calculations 14, 15 . In particular, the FS nesting is relatively poor and the hole pockets are much shallower than in other families, with associated larger density of states (DOS) which has been suggested to promote ferromagnetic fluctuations instead of the antiferromagnetic ones 8 . Nonetheless, as stressed by several authors, despite the poor nesting, a spin-fluctuation mediated pairing 14, [18] [19] [20] , or more generically a strong interband nature of the interaction 21 , cannot be excluded. Indeed, while perfect nesting is required to have a longranged SDW instability (absent in LiFeAs), the presence of large spin fluctuations is sufficient to justify a spin-mediated pairing mechanism, leading to a s ± order parameter. Such large magnetic fluctuations in LiFeAs have been observed by nuclear magnetic resonance 22 and neutron scattering experiments 16, 17 , that also identified a magnetic vector slightly incommensurate 17 with respect to the Q = (π, π) wavevector, due probably to the bad nesting condition of the FS. While these finding can support a s ± scenario, its agreement with the ARPES data on the gap modulation is still under scrutiny 12, 23, 24 . Also the quasiparticle interference patterns observed in scanning tunneling microscopy [25] [26] [27] are subject of an intense debate. In this case different assumptions on the impurity scattering mechanism can make the experimental results compatible either with a s ±25 or with a (triplet) p-wave 26, 27 symmetry of the order parameter.
The anomalies of LiFeAs are not restricted to the superconducting (SC) state but extend up to the so called normal state. The phenomenology and in particular the dimensionality of SC fluctuations above T c is an highly debated issue for all pnictides 28 . However the situation in LiFeAs is particularly puzzling. Indeed, while electronic properties of LiFeAs are believed to have an almost threedimensional (3D) character 15 point instead to a small anisotropy between in-plane and out-of-plane SCF, at odd with paraconductivity results. As we discuss in the present manuscript, the apparent contradictions between these results can be reconciled by taking into account both the multiband structure of pnictides and the peculiar interband character of the interactions. In particular, in multiband systems the link between the band structure and the nature of SCF, both above and below T c , can be more involved than what expected in the single-band case, as pointed out in different contexts in the recent literature. [34] [35] [36] [37] At the same time the interband character of the pairing can lead to remarkable qualitative differences with respect to singleband systems, as it has been emphasized in the context of transport 38 and optical properties above T c 39 .
In the present work we analyze the SCF above T c in LiFeAs by taking the point of view of a spin-mediated interband pairing mechanism, whose properties can be deduced by the analysis of the SCF themselves. We show that the microscopic estimate of the crossover temperature from 2D to 3D regime for the SCF is controlled by three cooperative mechanisms: (i) the interband nature of the pairing, which leads to a weighted contribution of the various bands in the single collective mode which controls the critical SCF 34 ; (ii) the low-energy renormalization effects beyond DFT, due the exchange of spin fluctuations 39 ; (iii) the anisotropy of the pairing, that can make the SCF quasi-2D even for quasi-3D band dispersions. On this respect our work supports recent theoretical attempts 19, 21 to reproduce the measured gap hierarchy by taking into account the possible variations of the pairing interaction along z, due to the evolution of the FS. Our main finding is that the marked 2D character of SCF points towards a prevalent 2D nature of the spin-fluctuation mediated pairing interaction, that seems consistent with experimental observation of the magnetic fluctuations above T c 22,31 . Such a result is not inconsistent with other estimates of the SC-properties anisotropy done below T c with different probes, as the upper critical field 33 , the thermal conductivity 40 and the critical current 41 . Indeed, as we discuss below, in a multiband superconductor the weight of the various bands to the SCF depends on the quantity under scrutiny, leading to different results in the various experimental set-up. Finally, while our findings cannot exclude an alternative pairing scenario based either on ferromagnetic 8 or orbital 9 fluctuations, the predominant intraband character of these mechanisms seems more difficult to reconcile with an anisotropic pairing mechanism, crucial to interpret the SCF above T c .
II. COLLECTIVE CRITICAL MODE
Let us first of all summarize the expected result for the SCF anisotropy on the basis of the derivation of Ref. [34] , that was done under the following hypotheses: (i) the interaction has a predominant interband character and (ii) the pairing is isotropic in momentum space (so it has the same strength at all k z values). In this situation, it has been demonstrated that despite the presence of multiple FS the effective action of the SCF is still characterized by the emergence of a single critical collective mode that in the case of a layered superconductor is described by the propagator:
where ν is the effective DOS of the collective mode at the Fermi level, η and r z are the in-plane and the out-ofplane stiffness respectively, ε = ln(T /T c ) and we used a periodic notation for the q z dispersion, with d interlayer spacing. As a consequence the resulting expression for the paraconductivity is the same obtained for a singleband layered superconductor 42 , i.e.
The crossover from 2D behavior δσ ∼ 1/ε to 3D one δσ ∼ 1/ √ ε occurs at the temperature where ε r z . In LiFeAs the 2D behavior is preserved until ∼ 0.02, so that one deduces that the out-of-plane stiffness r z is very small. In the single-band case the in-plane η and out-of-plane r z stiffness can be estimated microscopically from the values of the in-plane velocity and out-of-plane hopping 42 :
In the multiband case the contribution of each band to the critical-mode values for η and r z depends in general on the relative strength of intra-vs inter-band pairing 34, 43 . However, in the case of pnictides the assumption of a predominant interband coupling simplifies considerably the description of the critical collective mode. Following Ref. [34] we shall consider a four-band model with only interband pairing. By taking into account DFT calculations 15 and ARPES evidences 11,12 for LiFeAs we will consider two electronic γ 1 , γ 2 bands degenerate, and two hole bands α and β, corresponding to the inner and outer hole pockets, respectively. The larger coupling λ occurs between the quasi-nested α and γ i bands, while the β − γ coupling λ βγ = κλ, κ < 1 is assumed to be smaller due to the larger size of the β pocket. The BCS-like Hamiltonian of the model is
Here
i,kσ annihilates (creates) a fermion in the i = α, β, γ 1 , γ 2 band and ξ i k is the layered 3D band dispersion with respect to the chemical potential
In Eq. (4) Φ i,q = k c i,k+q↑ c i,k↓ is the pairing operator in the i-th band, with Φ γ,q ≡ Φ γ1,q + Φ γ2,q . It is possible to recast the four-band model defined in Eq. (4) in an effective two-band model by introducing the pairing operators Φ e ≡ Φ γ and Φ h ≡ Φ α + κΦ β so that the pairing term reads:
Notice that despite the repulsive nature of the interaction (6) a superconducting instability is still possible in the s ± symmetry, where the gap changes sign between hole and electron bands. However, in contrast to the ordinary intraband-dominated pairing (as, e.g., in MgB 2 43 ) here a single pairing channel exists, with important consequences on the implementation of the standard procedure to derive the effective action for the SC fluctuations both above 34 
where the coefficients w e , w h are fixed by the two conditions:
where Π h ≡ Π α + κ 2 Π β , Π e = 2Π γ1 are the Cooper particle-particle bubbles evaluated at zero frequency and momentum (q = (iω n , q)), ∆ h ≡ ∆ α = ∆ β /κ and ∆ e ≡ ∆ γi . The last relation of Eq. (9) has been derived from the usual saddle-point equations ∆ e = −λΠ h ∆ h and ∆ h = −λΠ e ∆ e . Analogously, the SCF parameters η e(h) , r e(h) , which are obtained by the small q expansion of the Cooper bubbles (see below), are given in term of the band stiffnesses as
In first approximation the coefficients η i and r i can be extracted from the band parameters, listed in Table I , according to Eq. (3). For what concerns the relative weights w e,h in Eq. (7) one can extend the relation (9) above T c where Π i ν i ln(ω 0 /T c ), i.e. each band is weighted inversely proportional to its DOS ν i . By means of Eqs. (7), (9) and (11), and by using the band parameters listed in Table I , extracted from LDA+DMFT and experimental measurements 11, 12, 14, 15 , we can provide a preliminary estimate of the anisotropy parameter r z for LiFeAs. As one can see in Table I , even though the outer hole band has t z ≈ 0, the t z in the inner hole band and in the electron ones is quite larger, of order of 15 meV. As a consequence from Eq.(3) one expects a value r z ∼ O(10) even considering the weighting factors w e , w h defined in Eq. (7) [11, 12, 14, 15] . The weighting factors w e,h in Eq. (7) are determined by the band DOS, according to the relation (9) . The gap values can be used instead to tune the superconducting couplings λ and λκ, see Eq. (6).
III. ANISOTROPY OF THE PAIRING INTERACTION
All the above discussion has been based on the idea that the anisotropy of SCF is simply determined by the anisotropy of the band structure, and band parameters have been extracted from LDA+DMFT and ARPES measurements. In this Section we discuss how this estimate can be modified by taking into account several properties peculiar to pnictides. A first correction to be considered is the low-energy band renormalization due to the same spin fluctuations that mediate the pairing. Indeed, while LDA+DMFT correctly accounts for the highenergy effects (like Hubbard-U interactions) that renormalize the overall bandwidth, spin fluctuations can give rise to an additional band renormalization visible in a small energy range (of the order of the spin-fluctuation scale ω 0 ∼ 10 − 20 meV) around the Fermi level. The dichotomy between these two effects has been discussed for example in Ref. [39] , where it has been show how these low-energy renormalization effects are crucial to understand the discrepancy between the effective masses probed by ARPES and the thermodynamical probes, sensible to the carrier mass at the Fermi level. By using the results of an Eliashberg-like approach to the spinmediated interactions one can then introduce an additional reduction of the hopping parameters listed in Table  I as t i → t i /(1 + λ), where λ represents here an average dimensionless coupling to spin fluctuations, estimated 39 to be in the intermediate-coupling regime λ ∼ 1 − 2. By including this effect we already reduce r z to 2, that is however still much larger than the experimental value. A second aspect to be considered is the modulation of the pairing interaction along k z . Indeed, it is well known that in the case of pnictides the structure of the pairing interaction along k z can be definitively much more involved, as it has been recently pointed out in the case of P-doped BaFeAs 45 . By assuming that the pairing originates mainly from a spin-fluctuations mediated interband mechanism, one must consider the evolution along the z direction both of the orbital character of the bands and of the nesting properties between the (anisotropic) hole and electron pockets, that contribute both to the effective k z dependence of the pairing interaction. Both properties can vary between different materials and also as a function of doping. For example, in Co-doped BaFeAs it has been experimentally shown that spin fluctuations that are 3D anisotropic in the undoped compound become much more 2D in the optimally-doped one, where a 2D picture seems then more appropriate 46 . Even though a detailed experimental investigation of this issue on LiFeAs is not yet available, there have been already suggestions 21, 47 for a possible k z dependence of the pairing interactions induced by the variations of the FS topology along z. We analyze here the consequences on a anisotropic pairing interaction along k z for the properties of the SCF. In this case, while the structure (1) of the critical collective mode does not change, we must reconsider the estimate (3) of the single-band parameters when the pairing has an anisotropic structure along k z . On very general grounds 34, 42, 43 the SCF stiffnesses η i , r i are extracted from the small q expansion of the Cooper bubbles in each band. If one introduces explicitly a modulation function w(k z ), that accounts for the variation of the pairing interaction along the z-axis, the Cooper bubble is:
where G i is the Green's function of the i-th band above T c . By retaining leading terms in the q 2 expansion on Eq. (12) one obtains:
where v k = ∂ξ k /∂k, so that for a band dispersion as in Eq. (5) v (k) = ∂ k ξ k and v z ∼ sin k z . The k-integrals in Eqs. (13)- (13) are dominated by k = (k , k z ) values at the FS. In particular for w 2 (k z ) = 1 one recovers the usual estimates (3), so that r z scales as t z . However,
is maximum, the effective out-of-plane parameter r z will be strongly suppressed with respect to t z . This effect is in part compensated by an analogous reduction of the effective DOS ν i that appears as a prefactor in the expansion (13) , and that is now defined as:
while the usual band DOS would be computed with w 2 (k z ) = 1. Since the anisotropy parameter scales as r z ∼ dk z v z w 2 (k z )/ dk z w 2 (k z ) its overall reduction is smaller than the one of the pairing-averaged out-of-plane velocity. In the following we will consider as a paradigmatic example a modulation w σ (k z ) function defined as (Fig. 1.b )
and we will study the evolution of the effective anisotropy parameter r z as σ changes. Finally, to make a closer connection to experimental data we will also account for disorder effects, that can be relevant in the regime of temperature we are considering. Indeed while weak disorder does not affect the T c , defined by the q = 0 limit of the Cooper bubble, it modifies the stiffness 42 . While for the q = 0 limit of the Cooper bubble the inclusion of vertex corrections due to disorder is crucial, for an estimate of the stiffness we can in first approximation use the bare-bubble scheme, corresponding to replacing in Eq. (12) the bare Green's function with the one having a finite quasiparticle scattering rate Γ, and integrating over the frequency the corresponding broadened spectral functions.
The results for the effective anisotropy coefficient r z computed for LiFeAs are shown in Fig. 1 .a. Here, to better clarify the interplay between the effects of disorder and of the anisotropy of the pairing interaction, we present a map of r z in terms of the scattering rate Γ and of the standard deviation σ of the interaction's weight (see Fig. 1 .a) The effective anisotropy parameter r z is maximum at Γ → 0 meV and σ → 10, which represents the clean case and isotropic pairing interaction. Increasing the amount of disorder (i.e. increasing Γ), as well as squeezing the w σ (k z ) function by reducing its standard deviation σ, one observes a strong reduction of r z . While a significant reduction of r z can be obtained with these two cooperative mechanisms, the experimental estimate of a r z as low as 0.02 would require a marked 2D character of the pairing mechanism, along with a nonnegligible residual scattering rate Γ 10 meV. While these estimates are not inconsistent with the measured resistivity 32 and with the 2D character of the spin fluctuations above T c 22,31 , explaining then paraconductivity experiments 31, 32 , the comparison with the experimental findings below T c , where the SC properties appear rather isotropic, requires a detailed discussion. would be around 20, i.e. much larger than the value γ H ∼ 2.5 obtained experimentally near T c . However, in a multiband superconductor one cannot in general identify the ξ H , ξ H z entering Eq. (16) with the ones entering the paraconductivity at zero magnetic field. The reason is the following: the paraconductivity is determined by the hydrodynamic expansion of the SC collective mode which becomes critical at T c at zero magnetic field. Thus, as showed in Ref. [34] , one first diagonalizes the multiband problem at zero frequency and momentum to identify the contribution of the various bands to the critical SC mode. Afterwards one expands it at small momenta, to obtain the propagator (1) which enters the leading Aslamazov-Larkin diagrams contributing to the paraconductivity. To solve instead the problem at finite magnetic field one must diagonalize the multiband problem by retaining gradient terms (i.e. the finite-momentum expansion) in the GL propagator for each band. This leads in general to the identification of new multiband effective correlation lengths ξ H , ξ H z , where the various bands can contribute with different weights with respect to the zero-field case. A typical example is the two-band case with only interband pairing. The in-plane correlation length entering the paraconductivity can be deduced from Eq. (7), while the upper critical field H c c,2 has been computed in Ref. [35] , and reads
where v e,h are the velocities of the electron/hole bands, respectively. As a consequence, since ξ 2 ∝ η and η e,h ∝ v 2 e,h from Eq. (3), we obtain:
This means in particular that the two bands contribute equally to ξ H , while this is not the case for ξ . Notice also that the above estimate (18) has been done for two bands with the same mass anisotropy, which is not the case for LiFeAs. Thus, the result for a three-band model as the one used in Sec. II is not known yet, and no conclusions can be reached on the expected values of ξ H , ξ H z in our case. We also note in passing that recently the anisotropy of the correlation length below T c has been inferred also by measurements of the critical current at different magnetic fields 41 . Interestingly, these measurements show an increase of the γ H ratio as the magnetic field decreases, with variations near T c by about one order of magnitude between H = 0.5 T and H H c2 . This result could then could reconcile the apparent discrepancy between the paraconductivity, measured at zero field, and the upper-critical fields results.
A second interest comparison can be done with the measurements of the thermal conductivity reported in Ref. 40 Here it has been shown that the thermal transport is quite isotropic in LiFeAs, both for in-plane and outof-plane heat current. This would rule out any possible gap node or minima for the gap both within the k z = 0 plane and along the k z direction. However, once more much care should be used to interpret data in a multiband superconductor in terms of a single-band scheme. In particular heat transport in a multiband superconductor is dominated by the band with the smallest gap 44 . Thus, in LiFeAs one would expect a dominant contribution coming from the β hole pocket, which is the less interacting one and then less affected by the modulation of the pairing mechanism proposed above.
V. CONCLUSIONS
In summary, we studied a microscopic layered threeband model for the SCF in LiFeAs. By using realistic band parameters, as extracted from the experiments, we showed that the strong 2D character of the SCF found experimentally can be understood as a signature of a strong anisotropy along the inter-plane direction of the pairing interaction, which compensates the low anisotropy of the band dispersion. While within a single-band scenario it would be difficult to reconcile this result with other measurements on the SC anisotropy below T c, the multiband character of pnictides makes such a comparison not straightforward, leaving several questions open for future investigation.
